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,QWURGXFWLRQ
6HOHFWLYH ODVHUPHOWLQJ 6/0 LVDQDGGLWLYHPDQXIDFWXULQJSURFHVVZLWKDKLJKSRWHQWLDO IRUPDQXIDFWXULQJRI
KLJKTXDOLW\PHWDOSDUWV$GLPHQVLRQDO&$'GHVLJQLVVOLFHGLQWRGLPHQVLRQVOLFHVZLWKDOD\HUWKLFNQHVVZKLFK
LVHTXLYDOHQWWRWKHOD\HUWKLFNQHVVGXULQJWKH6/0SURFHVVW\SLFDOO\P7KHSRZGHUEHGOD\HULVORFDOO\
VFDQQHGDQGPHOWHGE\DODVHU,QWKLVZD\WKHSDUWVDUHSURGXFHGOD\HUE\OD\HU
7KH EXLOGXS UDWH vլ  >PPñV@ LV RQH RI WKH LPSRUWDQW FKDUDFWHULVWLFV WR FRPSDUH WKH SURGXFWLYLW\ RI WKH 6/0
SURFHVV7KHFDOFXODWLRQRIWKHYROXPHEXLOGXSUDWHIRUWKHSULPDU\SURFHVVLQJWLPHLVWKHIXQFWLRQRIOD\HUWKLFNQHVV
Ds>PP@VFDQQLQJVSHHGvs>PPV@DQGKDWFKGLVWDQFHhs>PP@>@

       

$QRWKHULPSRUWDQWFKDUDFWHULVWLFRIWKHSURFHVVLVWKHYROXPHHQHUJ\ Ev>-PPñ@,WLVFDOFXODWHGE\GLYLGLQJWKHODVHU
SRZHUPL>:@E\WKHEXLOGXSUDWHvլ >PPñV@ >@
         

7KHKLJKVWUHQJWKDOXPLQLXPDOOR\(1$: DOVRNQRZQDV$O=Q0J&XRU$O=Q0J&XKDVDKLJK
WHQVLOHVWUHQJWKRIRYHU03DLQFRPSDULVRQWRRWKHUDOXPLQLXPDOOR\V>@)XUWKHUPRUH$1(:H[KLELWVD
KLJK FRUURVLRQ UHVLVWDQFH$OOR\V RI DOXPLQLXP ;;; VHULHV DUH NQRZQ WR KDYH YHU\ JRRG IDWLJXH SURSHUWLHV LQ
FRPSDULVRQWRRWKHUDOXPLQLXPDOOR\V>@>@
2QHRIWKHPDMRUGLVDGYDQWDJHVRI(1$:LVWKHKLJKVHQVLWLYLW\WRKRWFUDFNVGXULQJUDSLGVROLGLILFDWLRQ
DQGWKHUHIRUHSRRUZHOGDELOLW\+RWFUDFNVDSSHDULQWHUFU\VWDOOLQHGXULQJWKHVROLGLILFDWLRQEHWZHHQWKHVROLGXVDQG
OLTXLGXV WHPSHUDWXUH 'XULQJ VROLGLILFDWLRQ WKH YLVFRVLW\ RI WKH PHOWLQJ SKDVH LQFUHDVHV DQG WKHUHIRUH WKH PHOW
FDQQRW IORZFRQWUDU\ WRGLUHFWLRQRI FRQVROLGDWLRQ WR ILOO WKHYRLGDJHEHWZHHQJUDLQV FDXVHGE\ VKULQNDJH >@ ,Q
RUGHUWRSUHYHQWKRWFUDFNVDSUHKHDWLQJWHPSHUDWXUHKDVVKRZQDSRVLWLYHHIIHFW>@
3RZGHUFKDUDFWHULVWLFV
7KHSRZGHU(1$:ZDVLQHUWJDVDWRPL]HGDQGWKHGHVLUHGSDUWLFOHVL]HUDQJHVEHWZHHQPDQGP
2.1. Apparent density  
7KHDSSDUHQWGHQVLW\ZDVPHDVXUHG LQDFFRUGDQFHZLWK',1(1,62>@7KHDSSDUHQWGHQVLW\ߩ LV
 JFPñ )XUWKHUPRUH WKH SDFNLQJ IDFWRU k LV FDOFXODWHG E\ XVLQJ WKH HTXDWLRQ  >@ 7KH GHQVLW\ RI VROLG
PDWHULDOߩSolid RI(1$:LVJFPñ7KHUHVXOWRIWKHSDFNLQJIDFWRULVk 
 
       

2.2. Particle morphology  
7KHSDUWLFOHPRUSKRORJ\ZDVGHWHUPLQHGE\XVLQJWKH6FDQQLQJ(OHFWURQ0LFURVFRSH6(0Leo Gemini 1530
7KH SDUWLFOHV ZHUH VSUHDG RQ DQ DGKHVLYH HOHFWULFDOO\ FRQGXFWLYH SODWH )LJXUH  LOOXVWUDWHV WKDW WKH PDMRULW\ RI
SDUWLFOHVDUHHOOLSWLFDO
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

  
)LJ6(0LPDJHVRISRZGHUPDWHULDO(1$:RYHUYLHZOHIWDQGGHWDLOULJKW
2.3. Particle size distribution  
7KHSDUWLFOHVL]HGLVWULEXWLRQZDVPHDVXUHG LQDFFRUGDQFHZLWK,62XVLQJDBeckman Coulter LS13320
ODVHU GLIIUDFWRPHWHU >@ )LJXUH  VKRZV WKH FXPXODWLYH IUHTXHQF\ DQG WKH GLVWULEXWLRQ GHQVLW\ $SSUR[LPDWHO\
RISDUWLFOHYROXPHLVKLJKHUWKDQPD[LPXPGHVLUHGSDUWLFOHVL]HRIPDQGRISDUWLFOHYROXPHLVORZHU
WKDQPLQLPXPGHVLUHGSDUWLFOHVL]HRIP
2QHSRVVLEOHH[SODQDWLRQIRUWKLVLVWKHHOOLSWLFDOVKDSHRIWKHSDUWLFOHV$OWKRXJKWKHHTXLYDOHQWGLDPHWHULVODUJHU
WKDQWKHPHVKVL]HWKH\FDQSDVVWKURXJKWKHVLHYHLIWKHLUORQJLWXGLQDOD[LVLVSHUSHQGLFXODUWRWKHVLHYH>@
)LJ&XPXODWLYHIUHTXHQF\4[OHIWDQGGLVWULEXWLRQGHQVLW\T[ULJKW
2.4. Chemical composition 
7DEOHVKRZVWKHFKHPLFDOFRPSRVLWLRQRIWKH(1$:SRZGHUFRPSDUHGWR',1(1>@
'XULQJWKHPDQXIDFWXULQJSURFHVVRIWKHSRZGHUPDWHULDO,QHUW*DV)XVLRQ,*)PHWKRGZDVXVHGWRPHDVXUHWKH
R[\JHQDQG ,QGXFWLYHO\&RXSOHG3ODVPDDQG2SWLFDO(PLVVLRQ6SHFWURVFRS\ ,&32(6PHWKRG WRGHWHUPLQH WKH
UHVWRIWKHHOHPHQWV7KHFKHPLFDOFRPSRVLWLRQRISRZGHUPDWHULDOXVHGLVLQDJUHHPHQWZLWK',1(1






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7DEOH&KHPLFDOFRPSRVLWLRQRI(1$:
(OHPHQW ',1(1PLQ±PD[>ZW@>@ DVGHOLYHUHG>ZW@
&U ± 
&X ± 
)H ± 
0J ± 
0Q ± 
2 ± 
6L ± 
7L ± 
=Q ± 
2WKHU ± 
$OO2WKHUV ± 
$O UHPDLQLQJ UHPDLQLQJ
6SHFLPHQVPDQXIDFWXULQJ
3.1. Process parameters and system 
)RUWKHPDQXIDFWXULQJRIVSHFLPHQV6/0+/V\VWHPHTXLSSHGZLWKD52),1)/6N:ODVHUZDV
XVHG)RUWKHVSHFLPHQVDOD\HUWKLFNQHVVDsRIPPDQGDKDWFKGLVWDQFHhsRIPPZDVXVHG7KHODVHU
SRZHUZDVYDULHGLQWKHUDQJHRIWR:DQGVFDQQLQJVSHHGEHWZHHQDQGPPV7KHVSHFLPHQV
ZHUHPDQXIDFWXUHGDWGLIIHUHQWEDVHSODWHKHDWLQJWHPSHUDWXUHVRIDQG&
%HIRUHVWDUWLQJWKH6/0+/PDFKLQHWKHEXLOGLQJFKDPEHUZDVILOOHGZLWKDUJRQJDVWRUHGXFHR[\JHQ(DFK
EXLOGLQJMREZDVVWDUWHGZLWKDQR[\JHQYDOXHORZHUWKDQ
3.2. Geometry of specimens 
)LJXUHVKRZVWKHJHRPHWU\RIWKHODVHUPHOWHGWHVWVSHFLPHQZKLFKLVDFRPELQDWLRQRIDFXEHDQGDS\UDPLG
DQG LVXVHG IRUGHQVLW\PHDVXUHPHQW7KHS\UDPLG VWUXFWXUHZDVXVHG IRU HDV\ UHPRYDO IURP WKHEDVHSODWH7KH
KHLJKWRIWKHHQWLUHVSHFLPHQLVDERXWPPDQGWKHGLPHQVLRQRIWKHFXEHLV[[PPñ











)LJ6SHFLPHQJHRPHWU\IRUGHQVLW\PHDVXUHPHQW
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5HVXOWVDQGGLVFXVVLRQV
4.1. Relative density  
7KHUHODWLYHGHQVLW\RIWKHODVHUPHOWHGVSHFLPHQVZDVRSWLFDOO\PHDVXUHG>@ZLWK2O\PSXVGX51 PLFURVFRSH
(DFKVSHFLPHQZDVFXWDQGSROLVKHGSDUDOOHOWRWKHEXLOGGLUHFWLRQ)LJXUHVKRZVDQLPDJHRISROLVKHGVSHFLPHQ
DQGWKHFKRVHQUHJLRQRILQWHUHVW52,IRUUHODWLYHGHQVLW\PHDVXUHPHQW7KHUHGVSRWVLQGLFDWHWKHSRURVLW\












)LJ,PDJHRIDSROLVKHGVSHFLPHQOHIWDQGUHJLRQRILQWHUHVW52,ULJKW
)LJXUHH[HPSODULO\VKRZVWKHUHODWLYHGHQVLW\RIVHOHFWHGVSHFLPHQVGHSHQGLQJRQGLIIHUHQWYDOXHVRIVFDQQLQJ
VSHHGvsDQGODVHUSRZHUPL7KHKLJKHUWKHODVHUSRZHULQFRPELQDWLRQZLWKORZHUVFDQQLQJVSHHGWKHKLJKHULVWKH
UHODWLYHGHQVLW\RIWKHVSHFLPHQV

)LJ,PDJHRISROLVKHGVSHFLPHQVUHODWLYHGHQVLW\WRSOHIWRILPDJHVSORWWHGDJDLQVWVFDQQLQJVSHHGDQGODVHUSRZHU
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,Q)LJXUHWKHUHODWLYHGHQVLW\LVSORWWHGDJDLQVWVFDQQLQJVSHHGIRUILYHGLIIHUHQWYDOXHVRIODVHUSRZHU2QWKH
RQHKDQGWKHUHODWLYHGHQVLW\GHFUHDVHVZLWKLQFUHDVLQJVFDQQLQJVSHHGDWFRQVWDQWODVHUSRZHU2QWKHRWKHUKDQGWKH
UHODWLYHGHQVLW\DXJPHQWHGZLWKLQFUHDVLQJODVHUSRZHUDWFRQVWDQWVFDQQLQJVSHHG:LWKLQFUHDVLQJODVHUSRZHUDQG
VFDQQLQJVSHHGLWLVSRVVLEOHWRJHWEXLOGXSUDWHKLJKHUWKDQPPñVZLWKDUHODWLYHGHQVLW\RYHU:LWKD
ODVHUSRZHURI:DQGVFDQQLQJVSHHGRIPPV WKHYROXPHEXLOGXSUDWHRIPPñVFDQEHDFKLHYHG
:LWKDODVHUSRZHURI:DQGVFDQQLQJVSHHGRIPPVLWLVSRVVLEOHWRJHWDEXLOGXSUDWHKLJKHUWKDQ
PPñV

)LJ'HQVLW\FXUYHVSORWWHGDJDLQVWVFDQQLQJVSHHGUHJDUGHGWRILYHGLIIHUHQWYDOXHVRIODVHUSRZHU
,Q)LJXUHWKHUHODWLYHGHQVLW\LVSORWWHGDJDLQVWODVHUSRZHUIRUWKUHHGLIIHUHQWYDOXHVRIYROXPHHQHUJ\:LWK
FRQVWDQWYROXPHHQHUJ\ WKH UHODWLYHGHQVLW\HQKDQFHVE\ LQFUHDVLQJ WKH ODVHUSRZHU ,QRUGHU WRNHHS WKHYROXPH
HQHUJ\FRQVWDQW WKHVFDQQLQJVSHHGZDVYDULHGLQWKHVDPHSURSRUWLRQDVWKHODVHUSRZHU,QRUGHUWRLQFUHDVHWKH
UHODWLYHGHQVLW\DUHODWLYHO\KLJKODVHUSRZHULVUHTXLUHGDVVKRZQLQ)LJXUH
)LJ5HODWLYHGHQVLW\FXUYHVSORWWHGDJDLQVWODVHUSRZHUIRUWKUHHGLIIHUHQWYDOXHVRIYROXPHHQHUJ\
4.2. Chemical composition 
7KHFKHPLFDOFRPSRVLWLRQIRU WKHODVHUPHOWHGVSHFLPHQZDVPHDVXUHGZLWK6(0(';E\XVLQJ7HVFDQ Mira 
XMU (26'XH WRGLIIHUHQWPHDVXULQJPHWKRGV LWPD\FRPH WRGLIIHUHQFHV LQ WKHFKHPLFDOFRPSRVLWLRQRI WKH
SRZGHUZKLFKZDVGHWHUPLQHGZLWK,&32(6DQG,*)DQGWKHODVHUPHOWHGVSHFLPHQ7KHLQYHVWLJDWHGVSHFLPHQ
ZDVPDQXIDFWXUHGZLWKWKHODVHUSRZHURI:DQGWKHVFDQQLQJVSHHGRIPPV,Q7DEOHWKHFKHPLFDO
FRPSRVLWLRQ IRU WKH SRZGHUPDWHULDO DQGPDQXIDFWXUHG VSHFLPHQ LV FRPSDUHG )RU RWKHU SURFHVV SDUDPHWHUV WKH
FKHPLFDO FRPSRVLWLRQ IRU ODVHU PHOWHG VSHFLPHQ PD\ EH GLIIHUHQW 7KH UHVXOWV VKRZ WKDW WKH SHUFHQWDJH RI
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FKURPLXPFRSSHUVWHHOPDQJDQHVHR[\JHQVLOLFRQDQGWLWDQLXPLQFUHDVHG7KHYDOXHRIVLOLFRQLVRXWRIDOORZDEOH
UDQJHGHILQHGLQ',1(1
7KHPDMRUSUREOHPLQPDQXIDFWXULQJRIWKHVSHFLPHQLVH[SHFWHGGXHWRWKHIDFWWKDWWKHYDOXHRI]LQFGHFUHDVHV
RYHUZW2QHRIWKHFRQFHLYDEOHUHDVRQVLVWKDW]LQFLVYDSRUL]LQJGXULQJWKH6/0SURFHVV7KHHYDSRUDWLRQ
WHPSHUDWXUHRI]LQFZLWK&LVPXFKORZHUWKDQWKHHYDSRUDWLRQWHPSHUDWXUHRIDOXPLQLXPZLWK&
7DEOH&KHPLFDOFRPSRVLWLRQRI(1$:
(OHPHQW ',1(1PLQ±PD[>ZW@>@ SRZGHU>ZW@
ODVHUPHOWHG
VSHFLPHQ>ZW@
&U ±  
&X ±  
)H ±  
0J ±  
0Q ±  
2 ±  
6L ±  
7L ±  
=Q ±  
$O UHPDLQLQJ UHPDLQLQJ UHPDLQLQJ
4.3. Hot cracks 
+RWFUDFNVRFFXULQDOOODVHUPHOWHGVSHFLPHQVLQOLQHZLWKH[SHFWDWLRQVVHHFKDSWHU,Q)LJXUHWKHKRWFUDFNV
DUHH[HPSODU\PDUNHG7KHPDMRUSURJUHVVLRQRIWKHKRWFUDFNVLVLQEXLOGLQJGLUHFWLRQ
'XULQJ WKH 6/0 SURFHVV UHVLGXDO VWUHVVHV LQ PDQXIDFWXUHG SDUWV DUH FDXVHG GXH WR WKH WHPSHUDWXUH JUDGLHQW
SDUDOOHO WR EXLOGLQJ GLUHFWLRQ >@ 7KHUHIRUH WKH UHVLGXDO VWUHVVHV PD\ DPSOLI\ WKH SURJUHVVLRQ RI KRW FUDFNV LQ
EXLOGLQJGLUHFWLRQ$QG WKH VROLGLILFDWLRQRFFXUV LQEXLOGLQJGLUHFWLRQDQG WKLVZLOO DOVR OHDG WRKRWFUDFNV LQ WKDW
GLUHFWLRQ
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












)LJ([HPSODU\KRWFUDFNVLQODVHUPHOWHGWHVWVSHFLPHQEDVHSODWHWHPSHUDWXUH&vs PPV3/ :

,QRUGHUWRLQYHVWLJDWHWKHWUHQGRIKRWFUDFNVGXHWRWKHYDULDWLRQRIWKHSUHKHDWLQJWHPSHUDWXUHIRUWKHEDVHSODWH
WZRGLIIHUHQWYDOXHVZHUHFKRVHQ$OOWKHRWKHUSURFHVVSDUDPHWHUVZHUHVHWFRQVWDQW,Q)LJXUHWKHHIIHFWRIWKH
SUHKHDWLQJWHPSHUDWXUH&OHIWDQG&ULJKWLVVKRZQ7KHUHZDVQRVLJQLILFDQWLQIOXHQFHREVHUYHGRQKRW
FUDFNVE\YDULDWLRQRISUHKHDWLQJWHPSHUDWXUHIRUDOOVSHFLPHQV2QHDVVXPSWLRQLVWKDWWKHSUHKHDWLQJWHPSHUDWXUH
RI&ZDVQRWKLJKHQRXJKWRVLJQLILFDQWO\UHGXFHKRWFUDFNV
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






)LJ+RWFUDFNVSUHKHDWLQJWHPSHUDWXUHRI&OHIWDQG&ULJKW
7KH DSSHDUDQFH RI KRW FUDFNV LV DOVR LQFUHDVHG E\ KLJK FRROLQJ UDWHV ZKLFK DUH W\SLFDO IRU WKH KLJK WKHUPDO
FRQGXFWLYLW\ RI DOXPLQLXP >@ )XUWKHUPRUH WKH KRW FUDFNV FDQ EH HDVLO\ LQLWLDWHG E\ SRUHV >@ GXH WR REYLRXV
QRWFKHIIHFW)LJXUH
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











)LJ+RWFUDFNVLQLWLDWHGE\SRUHV
&RQFOXVLRQVDQGRXWORRN
7KH DLP RI LQYHVWLJDWLRQV SUHVHQWHG LQ WKLV SDSHU ZDV WR GLVFXVV WKH SURFHVVLQJ SRWHQWLDO DQG OLPLWDWLRQV RI
DOXPLQLXPDOOR\(1$:E\WKHVHOHFWLYHODVHUPHOWLQJ
7KHSDUWLFOHPRUSKRORJ\DQGWKHSDUWLFOHVL]HGLVWULEXWLRQZHUHH[DPLQHG7KHPDMRUSDUWLFOHVDUHHOOLSWLFDODQG
WKHUHIRUHDZLGHUUDQJHRIWKHSDUWLFOHVL]HGLVWULEXWLRQLVREVHUYHG(OOLSWLFDOSDUWLFOHVZLWKDQHTXLYDOHQWGLDPHWHU
ELJJHUWKDQPHVKVL]HSDVVHGWKURXJKWKHVLHYH
$ZLGHUDQJHRISURFHVVLQJSDUDPHWHUVKDVEHHQWHVWHG,WZDVVKRZQWKDWZLWKKLJKODVHUSRZHUV!:KLJK
UHODWLYHGHQVLWLHVRIRYHUDUHSRVVLEOH$OOLQYHVWLJDWHGVSHFLPHQVVKRZHGSURJUHVVLRQRIWKHKRWFUDFNVZLWK
DQRULHQWDWLRQLQEXLOGLQJGLUHFWLRQ$SUHKHDWLQJ WHPSHUDWXUHRIXS WR&GLGQRWVKRZDVLJQLILFDQWSRVLWLYH
HIIHFWRQUHGXFWLRQRIKRWFUDFNV)URPOLWHUDWXUHLWLVNQRZQWKDWKLJKFRROLQJUDWHVIRVWHUWKHRULJLQRIKRWFUDFNV
7KHUHIRUHLWZLOOEHLQYHVWLJDWHG LI LQFUHDVLQJOD\HU WKLFNQHVVSUHKHDWLQJRUUHPHOWLQJZLWKWKHODVHURUZRUNLQJ
ZLWKELJJHUIRFXVVL]HFDQUHGXFHWKHDPRXQWRIKRWFUDFNV)XUWKHUPRUHUHGXFLQJWKHDPRXQWRIKRWFUDFNVE\KRW
LVRVWDWLFSUHVVXULQJLVDQRSWLRQ
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$GGLWLRQDOO\LWZDVVKRZQWKDWDVLJQLILFDQWDPRXQWRI]LQFLVHYDSRUDWHGGXULQJWKH6/0SURFHVVGXHWRORZ
HYDSRUDWLRQ WHPSHUDWXUHRI ]LQF LQ FRPELQDWLRQZLWKKLJK ODVHU SRZHUV XVHG7KHUHIRUH D WUDGHRII EHWZHHQKLJK
GHQVLWLHVRQ WKHRQHKDQGDQGFKDQJHRIFKHPLFDOFRPSRVLWLRQRQ WKHRWKHUKDQGZLOOEHQHFHVVDU\$FKDQJHRI
FKHPLFDOFRPSRVLWLRQRIWKHSRZGHUPDWHULDOWRFRPSHQVDWHWKHHYDSRUDWLRQRI]LQFLVDQRWKHURSWLRQ
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